cottage at Shillingford and Malcolm to Wallingford Grammar School. He spent a happy summer swimming in and boating on the Thames in a family punt with attached outboard motor, an early indication of a lifelong enthusiasm for small boats. Indeed, his memories of boyhood were largely of an unfettered outdoor life, roaming freely over the countryside.
He left school in 1948 with three Certificates of Higher Education and subsidiary Art (he was later to enjoy painting as a relaxation), and applied to several medical schools. His lack of mathematics and physics held him back, and instead he did National Service in the Royal Army Medical Corps. He was based near Aldershot and one day, when in sole charge, he granted an apparently healthy patient leave to visit the town. The patient was there because he might have contracted smallpox (he had not), and a great hue and cry ensued when he was identified as missing. Malcolm's medical training came in handy later: on an early research cruise, the netman fell down a companionway and almost severed his ear. Malcolm was deputed to sew it back on, which he did, very successfully.
After demobilization in 1952 Malcolm applied to the University College of Hull, which participated in the external degree programme of London University. His parents had taken over a smallholding at Burton Stather on Humberside, where they grew Christmas trees and had kennels and a cattery. Vacation work involved cutting the trees and selling them in Scunthorpe market. The college soon became the independent University of Hull and he was among the first of its graduates, gaining an upper second class BSc in Zoology in 1955, specializing in parasitology in his final year. He continued as a PhD student in the Zoology Department of Professor P. G. 'Espinasse under the supervision of Professor J. N. R. Grainger. In August 1955 Malcolm answered an advertisement for a Whaling Inspector on one of the Antarctic factory ships and then took off on holiday, hitch-hiking with a friend around France. He came back to find that he had got the job and was due to sail in six days' time.
In a short memoir to Jose Xavier, for the Detailed formal instructions came with a long list of the equipment with which he would be supplied. In the event this included not just alcohol for preservation of samples but also several cases of whisky to facilitate the cooperation of the whalers with the sampling. NIO staff advised him on how best to collect material, which included whole squids and their beaks, from sperm whale stomachs. To his surprise, virtually nothing was known about the alimentary tract of the sperm and fin whales that he was likely to encounter. Surely all he needed to do to advance knowledge (and his PhD) was to collect tissues in preservative and section them when he got home?
What could go wrong? Why had it not been done before? The one thing my NIO tutors could not really teach me was the bulk of the animals with which I must deal. My first day's sperm whales were over 16 m (53-54 ft) long and each weighed over an estimated 50 tons. As these were cut and pulled apart by 10 ft steam saws and winches, I began to realise how big they were. It took me two days even to find the pancreas which was 2 m long! … Now I knew why scientists had been unable to study the anatomy of the whale guts. The one whale I collected from was 14.5 m (49 ft) long and had an alimentary tract of 214.7 m (706 ft) i.e. almost 15 times its length.
On return home:
My failures in studies on the gut led me back to my third year specialisation in parasitology. I found some long tapeworms in the liver of sperm whales [3 specimens, max length 21 m] which proved to be from a genus new to science and, with other parasites, I completed a rather dull Ph.D.
It was during this PhD work that he met his future wife, Dorothy (Dot) Knight, who was completing her Postgraduate Certificate in Education before starting on a career as a biology teacher.
On leaving Hull in October 1958 he took up a post at the NIO in Wormley, Surrey, to work on oceanic squids. This new topic was initiated on the advice of Sir Alister Hardy FRS, Professor C. M. (later Sir Maurice) Yonge FRS and Professor J. Z. Young FRS. Malcolm began with the Atlantic near-surface ommastrephid squids, frequently seen at night in ship's lights (figure 1). For this he spent two months in Madeira, where there was a summer fishery for them. While in Madeira his host, Dr G. E. Maul, took him and Dot to visit the whaling station at Caniçal, where they were able to collect all the squids in a sperm whale's stomach, as well as several thousand loose beaks. This was a seminal event. On return to the NIO he refocused on the squid material he had brought back from the Antarctic, including some new species, and instigated the collection of beaks from sperm whales from around the world, either from whaling stations or from strandings. However, he had first to recognize and describe the beaks of different species of squid, with almost no previous work to go on. Then he could determine how important squid were in the diet of a variety of predators, including other cetaceans, seals, fish and birds. Further, if he could establish where, and at what depth, oceanic squid lived, and their abundance, he could assess their importance in the ecology of the world ocean.
As the nets he employed at the NIO now enabled him to capture live (or at least undigested) midwater squids, he became interested in their physiology and behaviour and encouraged other researchers to work on them at sea. Among these was Eric (later Sir Eric) Denton FRS, with whom he collaborated on studies of squid buoyancy. Some species, such as the ommastrephids, are fast muscular animals, whereas others, such as the cranchiids and histioteuthids, have gelatinous bodies and achieve neutral buoyancy by using ammonium ions. The giant squid Architeuthis also uses ammonium ions, something Malcolm first realized when served a piece of a specimen cooked by Chung-Cheng Lu after the latter's PhD viva. The taste was bitter and he took a sample back to Plymouth, where he and Eric Denton confirmed that the cause was the ammonium ions. Another of Malcolm's interests was the study of statoliths, small stony structures in the statocysts that control the animal's balance and orientation. He first found statoliths in freshly caught ommastrephids in Madeira, but they dissolved in the formalin used for the long-term preservation of most squids.
In 1970 his extensive knowledge of sperm whale anatomy and behaviour, combined with his interest in squid buoyancy, led to him formulating a new hypothesis on how the sperm whale could adjust its buoyancy (and thus conserve energy during its dives), by controlling the density of the huge store of spermaceti oil in its head (4)*.
The multidisciplinary nature of the NIO gave him a broad view of the deep sea, which he offered to a wider audience in 1971 by co-editing and contributing to a popular volume, Deep oceans, illustrated with photos and technical drawings by many of his colleagues (5).
Soon after this, Eric Denton was influential in persuading him to transfer from the NIO (by now renamed the Institute of Oceanographic Sciences, and part of the portfolio of the Natural Environment Research Council (NERC)) to the Marine Biological Association's laboratory at Plymouth (the MBA, itself grant-aided by NERC). At first J. E. (later Sir Eric) Smith FRS, the director, was somewhat reluctant to 'poach' Malcolm from a sister establishment, but he was persuaded, and Malcolm, Dot and their three sons moved to a large old vicarage at Morval in Cornwall (said to be haunted), where daughter Zoe was born. The West Country and immediate access to the sea must have been a potent part of the attraction of the MBA, alongside the physiological interests of its distinguished visitors and scientific staff.
The vicarage was large enough for him to create two flats to accommodate his and Dot's parents and still have room for visitors. An early project was the construction of a swimming pool, which he and the family dug with a mechanical digger and finished off with spades. The walls were lined with linoleum sheets and the water was warmed by a unique form of solar heating: the circulating hosepipe was fed through a line of glass milk bottles with their bottoms cut off, focusing the sun's rays. Malcolm's enthusiasm for small boats was rekindled by Eric Denton's lending him a mould for a double canoe, which he constructed from fibreglass with the help of Robert Moore, a family friend.
Their next house was Ridge Court, overlooking the harbour at Newton Ferrers. It was no ordinary property: one part had previously housed two wallabies! They had been presented * Numbers in this form refer to the bibliography at the end of the text.
to Queen Victoria, who had given them to her equerry, the house owner. Malcolm again converted it to provide a flat for visitors and later divided it into two. The house had a large flat roof, which leaked. With the expertise he had gained earlier with fibreglass, Malcolm solved the leak by fibreglassing the entire roof area, enlisting the help of a squad of family and friends. He had acquired a fine Drascombe lugger and enjoyed taking friends out sailing in it. Professor Clyde Roper remembers a wonderful sail during which they chatted so much that they failed to recognize a falling tide and ended up on the mudflats-and were very late for dinner! It was at Newton Ferrers that Malcolm felt the first intimation of heart disease, while he was helping to carry the corpse of a stranded dolphin up the beach. In hospital for the necessary angioplasty he was renowned as the patient 'who had a heart attack carrying a dead dolphin'.
He and Dot moved from there to Ancarva, a house at Millbrook, Plymouth, so close to the sea that the tide sometimes lapped over the lawn and his boat was only yards from the front door. The unusual purchase agreement involved the sale price of one half of Ridge Court plus Malcolm's help in sailing the owner's yacht back from the Caribbean.
Malcolm published the detail of his sperm whale buoyancy hypothesis in 1978 and continued to study the cephalopods in the stomach contents of a wide range of predators, allowing him to calculate the probable biomass of cephalopods in the oceans (15). He received his DSc in marine zoology from the University of Hull in 1979 (the first awarded). He was an inspiring and enthusiastic personal tutor and relished sharing his experience with many youthful workers on cephalopods, establishing lifelong friendships in the process. Passionate, ingenious, enthusiastic, eccentric, generous and energetic are just a few of their descriptions, 'fun' being a common thread. Professor Lu worked with him in the early 1970s, and Professor Paul Rodhouse spent six months with him studying beaks and squids when he joined the British Antarctic Survey, initially working on albatross regurgitations in collaboration with Professor John Croxall (FRS 2005) and colleagues. Malcolm's interest in statoliths continued, and Dr Marek Lipinski joined him at the MBA for a year to study these structures, as did Dr Tsunemi Kubodera, who brought his own collection from Tokyo.
Malcolm continued his quest to improve the net catches of midwater squids, and in the 1980s he discovered that putting a light on the trawl could significantly improve the cephalopod catch. He published extensively, and contributed to the three volumes of The Mollusca of which he was joint editor, summarizing his interpretation of the general evolution of Recent cephalopods as well as the detail shown by statoliths, beaks, buoyancy and locomotion (17). In 1981 he was elected FRS for 'wide-ranging and major studies of the physiology, distribution and systematics of squid.' Dr Eric Corner FRS remembers that during an inspection of the MBA Malcolm had an interview with Lord Shackleton in which he put forward the idea of setting up a European North Atlantic biological laboratory with easy access to deep water, suggesting Madeira as a possible location. Despite a full proposal to the NATO Scientific Affairs Division, the finance was not forthcoming. Work on the physiology of deep-sea animals remained limited to the opportunities (and by the conditions) on research ships.
He initiated a major review of the role of cephalopods in the world oceans (19) and in 1981 proposed an organization for regular meetings of cephalopod workers, which two years later became the Cephalopod International Advisory Council (CIAC). He retired from the MBA in 1987 but continued working from Ancarva, where he kept his personal collections of beaks and other material. His enthusiasm for the stomach contents of sperm whales led to his being described as 'a modern-day Jonah' in the Channel 4 series Inside Nature's Giants.
The Azores were one of the last outposts of sperm whaling in the Atlantic, ending officially there in 1984. Malcolm had worked in a permanent collaboration with the Department of Oceanography and Fisheries, University of the Azores, from 1981 onwards, particularly with the marine biologist Dr Helen Martins, and was a Visiting Scholar from 1990 to 2011. He loved the island of Pico, where he and Dot bought a house, initially for use during the summer but it later became their main residence (figure 2). From his house and garden high on the southern slope he could watch sperm whales and dolphins way below him. Not that he spent much time just watching, because he remained as energetic as ever and wanted to provide an insight into the life of the sperm whale and its squid prey for the general public. A museum of whaling methods already existed on Pico and seemed the ideal site for this project, but, despite great efforts to attract investment from the European Union, the funds, though promised, never materialized. Undaunted, he set up his own public museum in his garage and garden, greatly helped by Dot, who fashioned very accurate fabric models of squid to hang from the ceiling. Her pièce de résistance was a model of a giant squid, made during a return to the UK in 2000 for the Aberdeen CIAC meeting. He and Dot visited the family of a friend from Hull zoology days and astonished them by producing the 12 m 'Architeuthis' from the car and stretching it across two rooms! From Plymouth and Pico he travelled extensively, despite a triple bypass operation in 1997. On one occasion he and Dot were caught in a devastating hurricane on the Hawaiian island of Kauai. He was at various times Visiting Professor at the Universities of Liverpool and the National Chung Hsing University in Taichung, Taiwan, and the National Institute of I had support from National Geographic Television (NGTV) to conduct an expedition in search of a living giant squid, Architeuthis (1996). We were to employ the very clever Critter Cam™, a video camera system that quite successfully had been attached to live dolphins and sea turtles. We felt that the critter cam could be attached to a sperm whale's head (carefully!) with a large, non-invasive, suction cup. When asked by NGTV where the best place to go would be, I immediately selected the Azores as a most promising spot because of the long history and tradition of sperm whaling there … sperm whales and giant squid. It was a clear and obvious choice to invite Malcolm to join in the expedition. While we were unsuccessful in getting images of giant squid being pursued and captured, we did get first-time video footage of sperm whales swimming at depth and audio recordings of them vocalizing and communicating.
Subsequently, during a 2001 expedition funded by the Discovery Channel, Malcolm and his colleagues did capture the first recognized larvae of the giant squid. Later (in 2011) he was the Azores consultant for the making of the National Geographic TV film Hunt for the Giant Squid.
Clyde Roper continues:
Following our work in the Azores, we decided to go to the next obvious location for relatively easy, near-shore access to sperm whales and their giant squid prey, Kaikoura Canyon, South Island, New Zealand. While we were ashore in New Zealand awaiting completion of work on the chartered ship, we learned of the stranding of three sperm whales up on North Island. Malcolm and I could 'smell' adventure, so we flew up to the remote stranding site to examine the whales, knowing they would have at least thousands of squid beaks in their stomachs, even if not whole Architeuthis. … A similar stranding situation happened later, and we were supplied with a huge collection of over 40,000 beaks, which a delighted Malcolm thoroughly identified during the expedition [ figure 3 ]. This was not the first occasion on which Malcolm had attached instruments to sperm whales. A decade earlier he had collaborated with Tony Martin of the Sea Mammal Research Unit and Bob Forster of the MBA to try to attach satellite tags to the whales. At the same time Malcolm wanted to pioneer a suction device (involving several drain plunger cups!) to attach depth monitors to sperm whales. Trials were carried out in Plymouth Sound, in which the top of an old Morris Minor was put on floats and towed behind a small boat while Malcolm attempted from another boat to get close enough to the 'whale' to attach the suction system. The whole procedure was filmed by the BBC, to the great surprise of some family friends when it was shown publicly. They had some limited success in the Azores when the method was transferred (dangerously) to real whales. To get near enough to attach the satellite dart or suction cups, Tony or Malcolm had to be strapped to the mast of an inflatable catamaran, which Bob then took up to the whale.
In 1993 Malcolm was awarded a Leverhulme Fellowship for studies of cetacean anatomy and physiology, particularly in dwarf and pygmy sperm whales. He was indefatigable in the pursuit of locally stranded whales, for exhibits in his museum as well as for anatomical information and stomach contents. Colleagues in the Azores arranged to bury several specimens found on the beaches of other islands so that he could exhume the skeletons later.
Malcolm's enthusiasm remained undiminished by health problems and he had several ongoing projects in 2013, including an illustrated book on Atlantic squids and an almost complete autobiographical manuscript, 'Whale Fever'. The World Congress on Malacology was held in July in the Azores, and one session was dedicated to 'The role of cephalopods in the world's oceans: a symposium in honor of Malcolm Clarke'. He was greatly looking forward to the occasion and to meeting all his friends on home territory, but it was not to be. Malcolm died on 10 May 2013, and the symposium became his memorial.
Net developmeNts to catch more squids
While at sea, ommastrephids could sometimes be caught by hand on a squid jig at night and Malcolm tried many other methods, including cast nets, explosives and electrocution. An early attempt to use a diver's harpoon gun resulted in the gun and harpoon disappearing separately over the side! A powerful crossbow was purchased and special squid bolts were made in the NIO workshop but this, too, was unsuccessful and was finally donated to the crew of a weather ship.
The focus of the biology group at the NIO had shifted from the Antarctic to the North Atlantic and from the zooplankton to larger animals including squids and fishes. The conical nets used had bridles in front of their mouths and were small. Capture of fish, squids and larger crustaceans required a better net system (a trawl), and Malcolm was encouraged by Ron Currie (later Director of the Oban Marine Laboratory) to develop larger nets. Malcolm used the Isaacs-Kidd midwater trawl in the early 1960s, and much larger commercial trawls, operated from fisheries research vessels and from RRS Discovery, in the Atlantic and in the Indian Ocean. The ambitious NIO programme was aimed at quantifying the vertical distribution and migrations of zooplankton and micronekton (which included squids) and required nets that could be opened and closed on command. The large trawls caught more squids than conical nets did, but were fished open and so gave no information about the animals' depth distribution. To overcome some of these difficulties, Malcolm and his NIO colleague Arthur Baker designed a rectangular midwater trawl (RMT) with an 8 m 2 mouth (RMT8) (figure 4). It was not obscured by its towing bridles, and it could be opened and closed by acoustic signals from the ship (3, 7). The first three models of the net (to 1 m 2 ) were made by Dot on her sewing machine. The system became the standard NIO biological sampling tool but it was still not very good at catching squids, the species and size range captured being greatly inferior to those from the stomachs of large predators (10). Nevertheless, in 1974 and 1975 he and Professor Lu described the vertical distribution of cephalopods obtained with these nets from 11° N to 60° N at 20° W, the most detailed survey ever achieved (8) .
Malcolm tried scaling the trawls up to 25 m 2 and 90 m 2 , but the largest ones were difficult to handle. He also developed conical 'pop-up' nets that sank to a defined depth at which a weight was jettisoned and the net fished slowly back to the surface under its own buoyancy. The largest of these was 10 m in diameter but was lost on its first deployment (figure 5). He counted himself a scientific fisherman, and for the remainder of his seagoing career he concentrated on using RMTs for catching squids and other animals for studies of their physiology and anatomy, using a variety of net sizes and conformations, including RMT1s, RMT7s, RMT10s, RMT50s and RMT60s, depending on which research vessel was to deploy them (22). Then in the 1980s, with his MBA assistant Phil Pascoe, he put a diver's underwater light on the head of the RMT50 and discovered that it markedly increased the catch of both squids and fishes (20) . He also experimented with longlines and bottom trawls to target different cephalopods, and with dredges and grabs to look for their beaks, which had been found in abundance on the floor of the Indian Ocean. Cephalopods are soft-bodied animals with few tissues resistant to digestion. Their beaks are important exceptions, being made of a horny material and persisting in the stomachs of predators. Sperm whales may contain more than 10 000 beaks, even though they vomit them up every few days. While in the Antarctic, Malcolm collected beaks from sperm whales for others, but without a personal interest. It was only after joining the NIO to work on squids, and particularly on his 1959 visit to Madeira, that squid beaks became a core part of his research. There had been one previous Russian paper identifying beaks from a sperm whale (Beteshava & Akimushkin 1955 ), but the methods had not been described. Malcolm started all over again, using museum material in association with the 4000 beaks from the Madeira whale, which had also provided specimens of the very rare scaled squid Lepidoteuthis, a small male of the giant squid Architeuthis and the second specimen of Taningia danae. He could distinguish lower beaks better than upper ones, and focused on these. Comparison with beaks from identified squids of all sizes, both from stomachs and from nets, was necessary for the identification of individual species from isolated beaks. The description of their complex three-dimensional shape was essential to enable others to use the parameters for their own identifications. He began by looking at a very wide taxonomic range of preserved specimens of oceanic squids (Oegopsida), neritic squids and cuttlefish (Myopsida), and Octopoda. He could soon differentiate between families, but not species, and demonstrated a clear relationship between the dimensions of the beak and the body weight of the cephalopod (1). Malcolm moved on from the one Madeiran whale to the Southern Hemisphere sperm whales. He enlisted the help of Dr Peter Best in South Africa and Dr John Bannister in Australia. To get the best idea of what the whales were eating, he needed entire stomach contents rather than samples. Neil McCleod was a whaling friend on the Southern Harvester. When medical issues forced him ashore he joined the NIO and became Malcolm's stalwart assistant, expert in the collection, handling and identification of squid beaks. Dr Ray Gambell arranged for him to collect material in Durban in 1964 and he returned to the NIO with material from 124 sperm whales, including the entire contents of 92 stomachs. In 1976 he was seconded to the MBA for a year to assist with the squid beak work.
In all, Malcolm (and Neil) examined 461 samples, comprising 338 identifiable cephalopod remains and 129 000 lower beaks, of which 61 000 were measured (14) . He found considerable variation in the diet of whales from different regions: numerically 50% of beaks in the Antarctic and New Zealand were from the Onychoteuthidae, whereas in other regions the Histioteuthidae dominated. When considered by mass of squids, the variation was even greater: Mesonychoteuthis (a cranchiid) comprised 76% of stomach contents in the Antarctic, whereas Taningia (an octopoteuthid) was the main component at Durban, South Africa, and at Albany, Australia (21% and 36%, respectively). The presence of squids from areas other than where the whale was captured provided evidence of its recent migration from other waters (6).
This monumental work provided many insights into squid biology, including growth, spawning and distribution, as well as sperm whale feeding. However, as Malcolm noted, 'Descriptive work on lower beaks is still in its infancy … less than 100 species have been described in detail' (14) . He was aware of the numerous other squid predators, particularly seals and birds in the Antarctic, which could potentially provide information on squid abundance and distribution. There was virtually no overlap between the size of squids sampled by sperm whales and those taken in nets, despite Malcolm's best attempts to improve the latter's efficiency. He concluded, 'It would seem inescapable that [comparison between nets and predators] must raise serious doubts of the value of nets to assess relative or absolute numbers of any midwater animals, including fish, in the deep sea' (14) . These misgivings notwithstanding, he estimated the annual consumption of squids by sperm whales to be around 100 million tons.
This was but a start to using the predators of squids as windows to their biology. His skill in identifying beaks caused many biologists to send him their collections from other predators. He canvassed his colleagues to collect beaks for him from almost any source, and was keen to do so himself whenever possible. Although 'collecting the stomach contents of whales is a very distasteful operation' (14) , it never inhibited him. A rotting sperm whale was stranded in Cornwall; Malcolm was anxious to collect from it but, by the time he, daughter Zoe, and Phil Pascoe arrived, the whale had been broken up with a digger and dumped in pieces on a local farmer's muckheap. Nothing daunted, Malcolm in oilskins dived in to try to find the stomach. He succeeded, got the beaks out and published the results.
He identified beaks from a range of cetaceans, as well as four species of seals. His expertise was in demand for birds, including albatrosses, penguins, shearwaters and petrels. When he and Tony Martin were staying in the Azores they regularly ate in a restaurant to the sound of Cory's shearwaters flying in at dusk to feed their chicks. At the end of the meal Tony would hurry out to the burrows close by, grab a chick and persuade it to regurgitate its recent meal into a plastic bag. He would return to the restaurant and tip the bag into an empty ashtray, whereupon Malcolm would pick out and identify the squid beaks. Over a few days of this routine they acquired a fascinated following! Malcolm was acutely aware of the importance of training others to identify squid beaks, not just to relieve him of the work but in the knowledge that the more that the capability was spread, the better it would be for a broader understanding of the role of cephalopods in the ocean economy. As he wrote in 'Whale Fever':
As the number working on diets has escalated one of my nightmares has been 'Are they correct in their identification?' Anyone can put names on beaks but how many can put correct names and do they know the implications of being wrong?
His answer was to organize three workshops for beak identification, at which he and other experts passed on their experience. He also taught several individuals on a personal basis, among them Professor Lu and Professor Rodhouse. The 1981 workshop at Plymouth was published in 1986 with full descriptions, and stereo photographs, of the beaks of 113 genera from almost every family and geographical area. It gave methods for their preservation and keys to their identification (16) . Thousands of beaks were brought to that workshop for examination, and there are now reference collections of beaks available worldwide. The techniques were reviewed by Malcolm at a subsequent workshop on the estimation of cephalopod biomass. Malcolm believed that the details of beak shape might give clues both to the evolution of cephalopods and to their adaptations to different types of prey, although at the time little was known about cephalopod diets.
By the late 1990s Malcolm felt that enough was known about the diets of predators for a start to be made on assessing their role in the world's oceans, particularly now that squid fisheries were increasing in economic importance. He organized a review relating the numbers of squids and their consumption by predators to their populations and dynamics, to their energetics, and to their importance as a globally exploited resource. Their impact on the populations of other oceanic animals is indicated by an estimate of their annual prey consumption at 2-4 Gt. Malcolm contributed substantially to knowledge concerning the cephalopod diets of sperm whales, Weddell and elephant seals, penguins and albatrosses, and played a major part in quantifying the role of cephalopods in the Antarctic. The review (19) provided a very comprehensive compendium of the existing data and again emphasized the inadequacy of the sampling systems available.
Malcolm compared the distribution of his whole collection of eastern North Atlantic netcaught cephalopods with those from the stomach contents of 241 sperm whales taken from the same area (24). In more than 700 hauls of various sizes of nets he identified more than 7700 specimens and almost four times as many from sperm whale stomachs. The two sets gave completely different pictures. For example, the nets caught only six Histioteuthis bonellii, whereas there were 20 243 in the stomach collections. He concluded, 'Can we ever obtain a correct measure of what is in the sea or the relative numbers or mass of different organisms without drying it out and seeing what is left? The answer is clearly no!' (24) and he advocated using predators' stomach contents as monitors of the variety and abundance of oceanic squids. As he noted, without an accepted baseline it will be impossible to judge the impact of any changes in the cephalopod populations, whether from fisheries or from other ecological influences.
statoliths
Despite much work on the otoliths of fishes, no one had described anything similar in squids when Malcolm was in Madeira studying ommastrephids. While dissecting the heads he noticed a pair of tiny chalky inclusions, or statoliths. These structures had not been reported since 1845 but were visible in a subsequent photograph of an octopus statocyst (Young 1960 ). Malcolm found they had regular growth rings and saw their potential significance for cephalopod studies (2). In 1978 he published a detailed account of statolith form in representatives of the Teuthoidea, Sepioidea and Octopoda, noting that in the last of these the shape was very different. He showed the aragonite crystal structure and provided a template for future descriptions and measurements by which the complex shape of statoliths from different species could usefully be compared (11). He noted that because statoliths are hard, inflexible structures (in contrast to beaks, cartilages and gladii), accurate and repeatable measurements are much easier. The shape of statoliths changes considerably during development and there are large differences between those of different taxa. He was unsure of the frequency of the growth rings in statoliths but they now seem to be daily increments and are widely used to give an indication of growth rate, ageing and life history, provided that the lines can be validated by data from animals of known age. Indeed, statoliths have been described as cephalopod 'black boxes or life recorders'. A chance meeting with John Fitch, an expert on otoliths from fossil strata, led to their identifying statoliths in shallow-water Cainozoic deposits in North America and the UK, and in Jurassic deposits in southern England (9, 13) . Malcolm hoped that, with so few other fossil remains of Recent cephalopods, statoliths might provide a clue to the evolution of cephalopod taxa (21) , extending back to the Jurassic fossil specimens.
The statocyst (and statolith) of cephalopods is concerned with the animals' orientation and balance and its sensitivity to low-frequency sound. Malcolm believed that a relationship would be discernible between the statolith form and the animals' locomotion, habitat and lifestyle (on the basis of different buoyancy strategies, from gelatinous ammonium-storing taxa to muscular swimmers such as the ommastrephids). Such relationships might also be extended to the fossil taxa. In practice he found relatively few clear correlations between statolith form and lifestyle, despite wide variation in statolith shape. In principle the numbers of statoliths present in marine sedimentary deposits, compared with those of fish otoliths, might also give an indication of the relative importance of the two groups at the time of deposition. Fitch's sorted Cainozoic samples averaged 351 otoliths to each statolith, but the otolith screening mesh size of 0.5 mm would not have retained many of the smaller statoliths. However, in Jurassic English deposits statoliths outnumbered otoliths by 8:1.
buoyaNcy aNd sperm whales
The sperm whale has a proportionally much larger head than any other whale, and much of the head is filled with spermaceti oil (2-3 tons in a 40-ton whale). Malcolm's familiarity with the animals, and his 1960s experience of working with Eric Denton on the buoyancy of squids, led him to reconsider the function of the spermaceti, hitherto regarded largely as a means of focusing the sounds produced by the whale (Norris 1975 ). The spermaceti is liquid in a freshly captured whale but quickly solidifies when cooled below about 30 °C, a change of state that affects its density. Sperm whales are the deepest-diving large whales, regularly reaching 1000 m and staying down for 50 minutes or more, and when dead they float at the surface, unlike most baleen whales. Malcolm realized that if they were buoyant at the surface the animals must experience a significant upthrust when in deeper, colder (and therefore denser) water, against which they would have to expend energy to stay down. He came to the conclusion that the whale might be able to adjust its buoyancy during its dives by warming or cooling the huge store of oil. If, at the start of its dive, the spermaceti could be cooled to the point at which it froze, its density would increase and the whale's buoyancy would decrease, assisting it in its deep dive. Conversely, if the spermaceti could be rewarmed to liquid while at depth, the additional buoyancy would help the whale return to the surface. In principle, if the whale could control the temperature of the oil throughout the dive it could also achieve neutral buoyancy, regardless of the ambient water temperature and pressure (in other words, at any depth and latitude). A key element was the remarkable difference between the left and right nares, the latter being much larger, more complex and traversing the centre of the spermaceti. If cold water could be drawn into it, the oil might cool rapidly.
Although the hypothesis seemed attractive (and remained compatible with sound focusing), Malcolm needed to demonstrate that the characteristics of the oil were appropriate, that the whale's anatomy provided both a system for cooling the oil and a means of dissipating the latent heat generated both by freezing the oil and the activity of the dive, and that there was a mechanism for rewarming the oil. The timescale for these changes needed to be appropriate for the dive. Quantification of all these factors required a detailed knowledge of the anatomy of the head and the relative quantity of the oil, its physical properties and the behaviour and distribution of the whale. Malcolm had some of these data already from his whaling days and from the study of some stranded specimens, but more were essential. With the help of Dr Ray Gambell and Dr Peter Best he spent two months in 1968 at the whaling station in Durban, making detailed anatomical measurements (even sectioning one whole whale's head at 20 cm intervals), experimenting with cold water in the right naris, measuring the oil temperature in freshly killed whales and observing the dive patterns from a spotter plane. On return he elicited the help of Dr D. Ambrose from the National Physical Laboratory in measuring how the density of the oil changed under different conditions of temperature and pressure.
Armed with all this information he published an outline of the theory in 1970 (4) and followed it up with the details of the data and observations on which his calculations were based (12) , having made many observations of the relevant anatomy on commercial whales, during which he noted, 'Scrambling about on one's hands and knees among the entrails removes all pretentiousness' ('Whale Fever').
He was aware that 'final proof of the hypothesis must await measurement of the temperature or density of the oil within the spermaceti organ in the course of a deep dive. This is a difficult and costly task but not an impossible one' (12) . Engineers built a successful robot diver based on the same system (Mcfarland et al. 2003) , and deep ocean gliders are designed round a similar system, but the in vivo proof is still outstanding.
One critic noted that the smaller dwarf and pygmy sperm whales also had spermaceti but not enough to be useful in buoyancy control. Malcolm's calculations confirmed this, but after retirement he was able to examine several stranded specimens and establish that their nose structure and spermaceti were related to sound production (23) . As he put it, 'This small nose, often less than 30 cm in length, contains a bagpipe, a sound producer, a set of vocal chords, a loudspeaker and a focusing device' ('Whale Fever'). and encouragement of junior researchers. The memories and publications from the subsequent triennial meetings are some of the many legacies that Malcolm has left (18, 21). He always regarded the creation of CIAC as one of his most important scientific accomplishments. The 2013 World Congress on Malacology meeting in the Azores was endorsed by CIAC and was to have been in his honour. It was indeed, and poignantly so, following his death two months earlier. refereNces to other authors
